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Dispersionless “zero energy mode” is one of the hallmarks of frustrated kagome´ antiferromagnets
(KAFMs). It points to extensive classically degenerate ground-states. The “zero energy mode”
can be observed experimentally when lifted to a flat mode at finite energy by a strong intrinsic
magnetic anisotropy. In this letter, we study the effects of irradiation of laser light on the KAFMs.
We adopt the magnon picture without loss of generality. It is shown that circularly or linearly
polarized light lifts the “zero energy mode”, stabilizes magnetic order, and induces energy gaps in
the KAFMs. We find that the circularly polarized light-induced anisotropies have similar features
as the intrinsic in-plane and out-of-plane Dzyaloshinskii-Moriya interaction in KAFMs. The former
stabilizes long-range magnetic order and the latter induces spin canting out-of-plane with nonzero
scalar spin chirality. The Floquet thermal Hall effect shows that the synthetic magnetic excitation
modes in the case of circularly polarized light are topological, whereas those of linearly polarized
light are not.
Geometrically frustrated KAFMs have been an inten-
sively active field of research due to their exotic prop-
erties such as the possibility of quantum spin liquids
(QSLs) [1–3] — states where spin frustration forbids
long-range magnetic order down to the lowest temper-
atures. Classically, the ideal Heisenberg KAFMs have an
extensive ground-state degeneracy [4, 5], resulting in a
“zero energy mode” [6] — a signature that no classical
ground-state configuration is favoured. However, order-
by-disorder phenomenon [4, 5] is believed to lift the ex-
tensive classically degenerate ground-states and selects a
specific magnetic order, usually the q = 0 spin configu-
ration in which three spins on the triangular plaquette of
the kagome´ lattice are oriented at 120◦ apart. Another
possibility of lifting the extensive classically degenerate
ground-states is by adding further neighbouring inter-
actions [6]. Moreover, the geometry of the kagome´ lat-
tice lacks an inversion center and by the Moriya’s rules a
Dzyaloshinskii-Moriya interaction (DMI) [7, 8] is allowed.
The out-of-plane DMI is capable of inducing long-range
magnetic order in the frustrated KAFMs [9]. Hence, the
“zero energy mode” can be observed experimentally as a
flat mode with finite energy [10].
In realistic quantum kagome´ materials, however, fur-
ther neighbouring interactions can be perturbatively
small and negligible, therefore the out-of-plane DMI is
usually the dominant anisotropy in real materials. Nev-
ertheless, magnetic order in quantum spin-1/2 KAFMs
appears beyond a certain quantum critical point (QCP)
of the out-of-plane DMI (Dz/J ∼ 0.1) [11]. Below the
QCP it is believed that QSL persists. For instance, her-
bertsmithite ZnCu3(OH)6Cl2 has dominant out-of-plane
DMI just below the QCP (Dz/J ∼ 0.08) [12] and thus re-
mains a QSL [13]. The kagome´ calcium-chromium oxide
Ca10Cr7O28 has also been proposed as a QSL material
and there is no evidence of a strong DMI [14]. In the
current study, we shall consider an alternative source of
inducing magnetic order in frustrated KAFMs. The ap-
proach will be based on irradiation of laser light on the
magnetic insulators. This approach has attracted con-
siderable attention as a possible mechanism to engineer
synthetic topological systems [15–33].
In this letter, we formulate the theory of laser-
irradiated KAFMs based on the Holstein-Primakoff
magnon picture. However, the basic idea can also be
extended to charge-neutral bosonic spinons in a similar
fashion. The main results of this letter are as follows.
First, we show that circularly or linearly polarized laser
light is capable of lifting the “zero energy mode” in the
KAFMs, thereby inducing magnetic order. The asso-
ciated magnetic excitation modes exhibit gaps at vari-
ous points in the Brillouin zone. By inspection of mea-
sured spin waves in iron jarosites [10], we are able to
conclude that the circularly polarized laser-induced sym-
metry breaking interactions possess distinctive features
that are similar to the effects of intrinsic in-plane and
out-of-plane DMI on kagome´ magnetic insulators [9]. By
studying the Floquet-Bloch thermal Hall effect close to
thermal equilibrium, we further establish that the mag-
netic excitation modes in circularly polarized light are
topological, whereas those of linearly polarized light are
not. These results suggest that laser-irradiation can be
considered as one of the possible ways to induce mag-
netic order and nontrivial topological magnetic excita-
tion modes in KAFMs. Second, we apply the theory of
laser-irradiation to KAFMs with an intrinsic out-of-plane
DMI. The results show that radiation can also tune the
out-of-plane DMI in KAFMs and induce a possible syn-
thetic noncoplanar spin configuration with nonzero scalar
spin chirality.
Let us consider the simple Hamiltonian for frustrated
KAFMs, which is given by
H = J
∑
〈ij〉
Si · Sj +Hani, (1)
where Si are the spin magnetic moments at the lattice
sites i located at ri and J > 0 is an antiferromagnetic
interaction between nearest-neighbour (NN) sites. Here,
Hani is a small perturbative anisotropy to the Heisenberg
exchange term, which is dominated by the out-of-plane
DMI given by Hani =
∑
〈ij〉Dij · Si × Sj , where Dij =
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2FIG. 1. (a). Schematic of the kagome´ lattice with out-of-
plane DMI (dotted and crossed circles) and a coplanar q = 0
spin configuration (arrows). We also show the mirror reflec-
tion symmetry My about the y-axis and TMx about the x-
axis. The primitive vectors are a1 = (1, 0), a2 = (1/2,
√
3/2),
and a3 = a2 − a1. (b) First Brillouin zone of kagome´ lattice
with indicated paths.
±Dz zˆ is an intrinsic out-of-plane DM component due to
inversion symmetry breaking on the kagome´ lattice at
the midpoint connecting two magnetic sites, and the ±
sign alternates between the triangular plaquettes of the
kagome´ lattice as shown in Fig. 1.
In the absence of the out-of-plane DMI the classical
ground states of the ideal Heisenberg KLAFM (i.e., first
term in Eq.(1)) are the q = 0 spin configurations shown
in Fig. 1. However, they are infinitely degenerate. A di-
rect application of linear spin wave approximation about
this classical spin configurations leads to a “zero energy
mode” [6], which points to the fact that no particular
ground-state spin configuration is favoured. Application
of a static Zeeman magnetic field partially lifts the de-
generacy but does not remove it entirely. In the quantum
limit this would imply that the system is disordered [34].
In the later sections, we will consider the possibility of
lifting the “zero energy mode” and inducing magnetic
order by laser-irradiation.
As previously shown the out-of-plane DMI induces and
stabilizes the q = 0 classical spin configurations [9]. The
signs of the out-of-plane DMI determines which vector
chirality of this long-range magnetic order is selected. In
this report, we consider the positive vector chirality Dz >
0 with the minus sign. This form of the out-of-plane DMI
respects the symmetries of the kagome´ lattice in Fig. (1).
In particular, the combination of time-reversal symmetry
(TRS) T and mirror reflection symmetryM (i.e. TMxT
or MyT ), is a good symmetry of the coplanar q = 0
spin configuration. Therefore, we expect the underlying
magnetic excitations to be protected by this symmetry
and there should be a possibility of Dirac point in the
Brillouin zone. As we will show later irradiation by laser
light will modify this spin structure.
The concept of laser-driven magnetic insulators rely on
the magnetic dipole moments of the underlying magnetic
excitations as recently introduced in quantum ferromag-
nets [36]. This is due to the fact that charge-neutral
bosonic quasi-particles do not interact with an electro-
magnetic field except through their magnetic dipole mo-
ment. Therefore, this concept applies to both magnons
and spinons. We take the magnetic dipole moment to
be along the in-plane ordering direction ~µ = −gµB yˆ,
where µB is the Bohr magneton and g is the spin g-factor.
Now, we suppose that an in-plane laser light with dom-
inant electric field components E(t) is irradiated on the
kagome´ lattice. In the background of the time-varying
electric field the hopping of charge-neutral bosonic quasi-
particles will lead to a time-dependent Aharonov-Casher
phase [37], which is given by
θij(t) =
gµB
~
∫ rj
ri
A(t) · d`, (2)
where A(t) = A0(sinωt, sin(ωt + φ), 0) is the vector
potential with amplitude A0 due to the electric field
E(t) = − 1c∂A(t)/∂t. Note that circularly polarized laser
light corresponds to φ = pi/2 and linearly polarization
corresponds to φ = 0 or pi. In the following we take the
units ~ = c = gµB = 1.
Next, we perform the standard spin wave analysis
of the coplanar/noncollinear spin configuration on the
kagome´ lattice [6, 35]. The basic procedure follows by
rotating the coordinate axis about the z-axis by the spin
orientation angles:
Rz(θi) =
cos θi − sin θi 0sin θi cos θi 0
0 0 1
 , (3)
where θi = 0,±2pi/3. Hence the spin transforms as Si =
Rz(θi)S′i. Next, we implement the Holstein-Primakoff
transformation: S′yi → S−a†iai, S′+i →
√
2Sai = (S
′−
i )
†,
where S′± = S′x ± iS′z, and a†i (ai) are the bosonic cre-
ation (annihilation) operators. The corresponding time-
dependent magnon tight-binding Hamiltonian is given by
H(t) = JS
∑
〈ij〉
[
G0ij(a
†
iai + a
†
jaj) +G
1
ij(a
†
iaje
iθij(t) + h.c.)
(4)
+G2ij(a
†
ia
†
je
iθij(t) + h.c.)
]
,
where G0ij = (1 + DJ)/2; G
1
ij = (1 − DJ)/4; G2ij =
(3 + DJ)/4, and DJ =
√
3Dz/J . Note that the hop-
ping terms have now acquired a time-dependent phase
by virtue of the Peierls substitution. In the momen-
tum space we have H(t) = ∑k ψ†kHk(t)ψk, where ψ†k =
(a†k1, a
†
k2, a
†
k3, a−k1, a−k2, a−k3) is the basis vector.
Hk(t) = 2JS
(G0 + G1(t) G2(t)
G2(t) G0 + G1(t)
)
, (5)
where G0 = (1 +DJ)I3×3, G1(t) = (1−DJ)Λ(t)/4, and
G2(t) = (3 +DJ)Λ(t)/4.
3Λ(t) =
 0 cos[(k + A(t)) · a1] cos[(k + A(t)) · a2]cos[(k + A(t)) · a1] 0 cos[(k + A(t)) · a3]
cos[(k + A(t)) · a2] cos[(k + A(t)) · a3] 0
 , (6)
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FIG. 2. Color online. Top figure. Floquet-Bloch magnon
bands of frustrated KAFM for Dz/J = 0. (a) Linearly po-
larized light. (b) Circularly polarized light. Here, ω/J =
10, A0 = 1.5. Bottom figure. Floquet-Bloch magnon bands
of frustrated KAFM for Dz/J = 0.2. (c) Undriven system.
The circled point is a Dirac magnon node. (d) Laser-driven
system by circularly polarized light φ = pi/2, with ω/J = 10.
Note that Eqs. (4) and (5) have off-diagonal terms which
do not exist in ferromagnets [36]. However, the gen-
eral formalism of Floquet theory applies to any time-
dependent tight-binding Hamiltonian.
The basic idea of Floquet theory is to transform a time-
dependent Hamiltonian such as Eq. (4) or (5) into an
effective static Hamiltonian. To proceed, we write the
Floquet-Bloch wave function that obey time-dependent
Schro¨dinger equation as Ψkα(t) = e
ikα(t)Φkα(t), where
Φkα(t) = Φkα(t + T ) is a periodic function that de-
notes the Floquet-Bloch states for band α with period
T = 2pi/ω, and kα(t) is the quasi-energy. The periodic
function can be expanded in Fourier space: Φkα(t) =∑
m e
imωtΦmkα. We define the Floquet Hamiltonian op-
erator as HFk (t) = Hk(t) − i∂/∂t. Then the states Φmkα
leads to a time-independent Floquet energy eigenvalue
equation ∑
m
[Hn−mk +mωδn,m]Φmkα = kαΦnkα, (7)
where H`k = 1T
∫ T
0
dte−i`ωtHk(t).
The Floquet formalism is reliable in the high frequency
limit ω  J . Therefore, we work in this limit and con-
sider the truncation ` = 0,±1. At this juncture the
Floquet Hamiltonian contains the zeroth order Bessel
function J0(ξ) and the first order Bessel function J1(ξ),
where ξ depends on the amplitude A0 and phase φ. How-
ever, the resulting Hamiltonian is a big matrix compris-
ing numerous Floquet-Bloch side-bands. Therefore, an-
alytical analysis is unfeasible we therefore resort to nu-
merical analysis. We first consider the limit of zero out-
of-plane DMI (Dz/J = 0). In this case a “zero energy
mode” is inevitable [6]. In Fig. (2) we have shown the
Floquet-Bloch magnon bands in the presence of linearly
(a) and circularly (b) polarized light for Dz/J = 0 and
A0 = 1.5 along the Brillouin zone paths [38] in Fig. (1).
In both cases, it is evident that the “zero energy mode”
is lifted to nearly flat mode at nonzero energy. We also
observe that all the bands have a finite energy gap at the
Γ-point as well as the K-point.
It is believed that circularly polarized laser light breaks
TRS, but it is very crucial to identify the form of the sym-
metry breaking interaction induced by the laser light. In-
terestingly, the magnon bands in Fig. 2 (b) for circularly
polarized light exhibit all the important features reported
in kagome´ iron jarosites [10]. They include gapped mag-
netic excitations at various points in the Brillouin zone,
which were theoretically identified as a consequence of
the out-of-plane and in-plane intrinsic DMIs [10]. There-
fore, we infer that in the driven KAFMs circularly po-
larized light induces synthetic out-of-plane and in-plane
DMIs. The former is responsible for the stability of the
coplanar q = 0 spin configuration leading to lifted “zero
energy mode” as shown in Fig. 1. Whereas the latter
which points inside the triangular plaquettes [39] breaks
mirror reflection symmetry and rotational invariance and
it is responsible for spin canting out-of-plane and leads to
a non-coplanar umbrella spin configuration with nonzero
scalar spin chirality. The in-plane DMI is the primary
source of the energy gaps at the Γ and K points. There-
fore we conclude that irradiation by laser light can induce
long-range magnetic order in highly frustrated magnets
in the same way as the intrinsic DMIs [9]. As we will
discuss in the following the laser-induced anisotropy in
the case of linearly polarized light [Fig. 2 (a)] does not
break TRS.
Next, we consider the limit of nonzero out-of-plane
DMI (Dz/J 6= 0). As shown in Fig. 2 (c) the intrinsic
out-of-plane DMI lifts the “zero energy mode” in the un-
driven system and stabilizes the conventional coplanar
q = 0 spin configuration with a Dirac magnon node at
the K-point protected by the effective TRS TMy. We
can also see a gapless Goldstone mode at the Γ-point
due to U(1) rotational invariance. As the laser drive is
tuned on this effective TRS is bound to be broken and the
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FIG. 3. Color online. Floquet thermal Hall conductivity vs.
temperature for circularly polarized light φ = pi/2 and two
laser amplitudes with ω/J = 10.
Dirac magnon node will be lifted as shown in Fig. 2 (d).
The presence of energy gap at the Γ-point also suggests
that the induced synthetic anisotropy is an in-plane DM
component which obviously breaks rotational invariance
and modifies the conventional q = 0 spin configuration
as previously mentioned.
Now, we would like to compute an experimentally ob-
servable quantity in DM models on the kagome´ lattice.
The gapped excitations at the K-point suggests that the
Floquet-Bloch magnon bands will be topologically non-
trivial with finite Berry curvature. The effects of topo-
logically nontrivial magnetic excitations are believed to
manifest in the study of thermal Hall effect. Recently,
the study of thermal Hall effect of charge-neutral bosonic
quasi-particles has attracted a lot of interest in ferromag-
nets [40–49] and spin liquid magnetic insulators [50, 51].
In the former, the theory of Berry curvature induced by
the DMI can explain the observed thermal Hall conduc-
tivity. In the latter, however, the origin of thermal Hall
conductivity remains an open question, but the scalar
spin chirality could play a vital role [52].
In the current study, synthetic TRS breaking interac-
tions are induced by circularly polarized laser light and
they are identified as the in-plane and out-of-plane DMI.
Thus, the theory of thermal Hall effect can be applied
in a similar way. However, the Floquet theory leads to
nonequilibrium distribution of the quasi-particles and the
Bose function nB(kα) will depend on the detail proper-
ties of the system. In the following we focus on the case
in which the Bose function is close to thermal equilibrium
and write the linear response thermal Hall conductivity
as [45] κxy = −k2BT
∫
BZ
d2k
(2pi)2
∑N
α=1 c2 (nα) Ωαk, where
nα ≡ nB(αk) = (eαk/kBT − 1)−1 is the Bose function
close to thermal equilibrium, c2(x) = (1 + x)
(
ln 1+xx
)2−
(lnx)2 − 2Li2(−x), and Lin(x) is a polylogarithm. The
Berry curvature is given by Ωαk = (∇×Aαk)z, whereAαk = i 〈Φαk|∇|Φαk〉 is the Berry connection.
We note that Ωαk vanishes in the undriven system
with only out-of-plane DMI due to an effective TRS, and
hence κxy is zero. For laser-driven system by circularly
polarized light the Chern number defined as the inte-
gration of the Berry curvature over the Brillouin zone is
proportional to the synthetic scalar-chirality of the non-
coplanar spin configurations induced by the synthetic in-
plane DMI. A nonzero thermal Hall conductivity implies
that the underlying magnetic excitations are topologi-
cally nontrivial. In Fig. 3 we have confirmed that, in-
deed, the magnetic excitations are topologically nontriv-
ial in the case of circularly polarized light (φ = pi/2) with
nonzero κxy for Dz/J = 0 (a) and Dz/J = 0.2 (b). Fur-
thermore, we have checked numerically that κxy vanishes
for linearly polarized light (φ = 0 or pi) — an indication
that the laser-induced anisotropy in this case does not
break TRS.
In summary, we have shown that the dispersionless
“zero energy mode” in frustrated KAFMs can be lifted
by laser-irradiation and long-range magnetic order can be
induced. The possible circularly polarized laser-induced
synthetic interactions are identified as the in-plane and
out-of-plane DMIs, which play the same role in frus-
trated KAFMs with low crystal symmetry [9]. In the
present case, however, their strength can be tuned by
the laser light. We also showed that the system pos-
sessed transport properties that can be experimentally
accessible. We believe that these results are within exper-
imental reach and can be accessible with the current ter-
ahertz frequency using ultrafast terahertz spectroscopy
[53]. Thus far, induced magnetic order in frustrated mag-
nets is limited to applying an external magnetic field or
pressure. However, these methods usually do not lead
to an induced in-plane and out-of-plane DMI. Therefore,
experiments can now look for how laser irradiation mod-
ifies the properties of frustrated magnets. Most impor-
tantly, the laser-induced topological magnetic excitation
should be the primary motive as it quantifies the effects
of laser irradiation on the system. Then thermal Hall
effect can be measured by applying a temperature gradi-
ent. Currently, a lifted “zero energy mode” has only been
seen clearly in iron jarosite [10], but there are numerous
frustrated kagome´ antiferromagnets. Therefore, another
experimental task would be the possibility of inducing
lifted “zero energy mode” by laser irradiation on frus-
trated kagome´ antiferromagnets such as herbertsmithite
ZnCu3(OH)6Cl2, which is a known kagome´ antiferromag-
net with QSL properties. In the future, it would be in-
teresting to extend the current approach to spinons by
the Schwinger boson formalism. This will pave the way
for optical manipulation of strongly correlated materials
including chiral spin liquids [54].
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